
t 

1 

C O L L E G E  
A L A S K A  

UA-136 

ELECTRON CONTENT VARIATIONS IN THE AURORAL IONOSPHERE 
DETERMINED FROM SATELLITE RADIO OBSERVATIONS 

bY 

Jerry L Hook 

Contract No. NAS5-1413 

Contract No. Nonr 3010(04) 
Scientific Report No. 2 

MAY 1963 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 



GZOPHY SICAL INSTITUTE 

of the  

UNIVERSITY OF ALASKA 

ELECTRON CONTENT VARIATIONS I N  THE 
AURORAL IONOSPHERE DETERMINED FROM SATELLITE 

RADIO OBSERVATIONS 

by 

Jerry L. Hook 

S c i e n t i f i c  Report I d .  2 

Contract No. NAS5-1413 

Aberrations of Radio Signals  Traversing 
t h e  Auroral Ionosphere 

Contract Nonr-3010(04) 

Program of Optical  and Radio Measurements wi th in  
t h e  Auroral Zone i n  Conjunction with 

Simultaneous S a t e l l i t e  Measurements 

Prepared f o r  

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
GODDARD SPACE FLIGHT CENTER 

DEFENSE ATOMIC SUPPORT AGENCY 
OFFICE OF NAVAL RESEARCH 
DEPARTMENT OF THE NAVY 

I -  

Pr inc ipa l  Inves t iga tors :  Approved by : 

Leif Wren 
A. 3. Belon 

c - c - c e + p  
C. T. Elvey P Direc tor  



r -  A 

ABSTRACT 

The Geophysical  I n s t i t u t e  of  t h e  U n i v e r s i t y  of Alaska and 

t h e  Lockheed Missiles and Space Company conducted a j o i n t  ex- 

per iment  t o  s t u d y  t h e  r e l a t i o n s h i p  between (1) spa t i a l  d i s -  

t r i b u t i o n  of i o n i z a t i o n  u s i n g  20 and 40 mc/s t r a n s m i s s i o n s  from 

a s a t e l l i t e ,  ( 2 )  t h e  l o c a t i o n  and l u m i n o s i t y  p r o f i l e s  of auraras 

as measured from ground s t a t i o n s  i n  Alaska, and ( 3 )  t h e  f l u x  

and energy spectrum of pa r t i c l e s  p e n e t r a t i n g  t o  a u r o r a l  h e i g h t  

as measured by s a t e l l i t e  in s t rumen t s .  The experiment  was 

car r ied  out  i n  March, 1962 us ing  a p o l a r  o r b i t i n g  s a t e l l i t e  

which made twe lve  p a s s e s  over  Alaska d u r i n g  i t s  o p e r a t i o n a l  

l i f e t ime ,  

The emphasis of  t h i s  work i s  on t h e  d e t e r m i n a t i o n  by r a d i o  

t e c h n i q u e s  of  t h e  v a r i a t i o n  of e l e c t r o n  c o n t e n t  i n  t h e  ion-  

o sphe re  connected w i t h  i n c i d e n t  p a r t i c l e  f l u x e s .  Methods of 

de t e rmin ing  t h e  e l e c t r o n  conten t  from d i f f e r e n t i a l  Doppler 

measurements are d i s c u s s e d  i n  d e t a i l .  The expe r imen ta l  r e s u l t s  

show tha t  i n c r e a s e s  i n  e l e c t r o n  c o n t e n t  are morphologica l ly  

c o r r e l a t e d  w i t h  r e g i o n s  of a u r o r a l  l uminos i ty  and i n c i d e n t  

p a r t i c l e  f l u x e s ,  The results o f  t h e  experiment  also p o i n t  ou t  

t h e  v a l u e  of conduct jng  coot-dinated exper iments  i n  the stiiaji of 

a 11 rora 1 pi kc nomen a, 
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CHAP’i’E3 I 

I i\l TRODU CTI ON 

Radio waves t r a n s m i t t e d  from a r t i f i c i a l  earth satellites 

have been used r e c e n t l y  t o  determine t h e  d e n s i t y  and d i s t r i b i l t i o n  

of free e l e c t r o n s  i n  t h e  ionosphere.  The i n t e g r a t e d  e l e c t r o n  

d e n s i t y  a long  t h e  pa th  of  p ropaga t ion  of  a r a d i o  wave may be 

determined from t h e  Faraday r o t a t i o n  of t h e  p l a n e  of  p o l a r i z a t i o n  

and from t h e  Doppler s h i f t  of t h e  r e c e i v e d  s i g n a l .  

e f f e c t  was f i rs t  a p p l i e d  u s i n g  moon radar t e c h n i q u e s  [Browne, 

Evans, and Hargreaves ,  1956 1 .  

The Faraday 

Using s a t e l l i t e s ,  G a r r i o t t  (1960) ,  

L i t t l e  and Lawrence (1960) ,  and Yeh and Swenson (1961) o b t a i n e d  

t h e  e l e c t r o n  c o n t e n t  i n  a column of u n i t  c r o s s  s e c t i o n a l  area. 

The Doppler method was f i r s t  used w i t h  r a d i o  t r a n s m i s s i o n s  from 

r o c k e t s  [Seddon, 1953; N i s b e t  and Bowhi l l ,  1960 t o  o b t a i n  I 
e l e c t r o n  d e n s i t y  p r o f i l e s .  The a p p l i c a t i o n  of t h e  Doppler 

methods t o  s a t e l l i t e  t r a n s m i s s i o n s  have been made by :leeks, 

N icho l  (1961) ,  and de Mendonca (1962) t o  o b t a i n  t h e  e l e c t r o n  

c o n t e n t .  

The in fo rma t ion  we can o b t a i n  i s  l imi t ed  t o  t h e  r e g i o n  

l y i n g  below t h e  s a t e l l i t e  and e s s e n t i a l l y  a long  t h e  p a t h  of  

p ropaga t ion .  The r a y  p a t h  of t h e  r a d i o  wave will approximately 

sweep out  a p l ane  d e f i n e d  by t h e  s a t e l l i t e ’ s  t r a j e c t o r y  and t h e  

r e c e i v i n g  s t a t i o n .  As a r e s u l t  of t h i s  sweeping r a y  p a t h ,  it 

i s  p o s s i b l e  t o  de t e rmine ,  t o  some e x t e n t  as l ea s t ,  t h e  s p a t i a l  

d i s t r i b u t i o n  of  i o n i z a t i o n ,  S a t e l l i t e s  are p a r t i c u l a r l y  

1 
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advantageous i n  s t u d y i n &  the  ionosphere  s i n c e  t h e  v e l o c i t y  o f  

the s a t e l l i t e  i s  so g r e a t  t h a t  d r i f t  and random changes i n  

i r r e g u l a r i t i e s  i n  e l e c t r o n  d e n s i t y  can u s v a l l y  be n e g l e c t e d .  

The a n a l y s i s  p r e s e n t e d  here c o n t a i n s  pa r t  of t h e  r e s u l t s  

of  a j o i n t  experiment conducted by t h e  Geophysical  I n s t i t u t e  

and t h e  Lockheed Missiles and Space Co. The main o b j e c t i v e s  of 

t h e  experiment  are t o  s tudy  t h e  r e l a t i o n s h i p  between (1) t h e  

f l u x  and energy spectrum of e l e c t r o n s  p e n e t r a t i n g  t o  a u r o r a l  

he igh t s  as measured by s a t e l l i t e  i n s t r u m e n t s ,  ( 2 )  t h e  d e n s i t y  

and d i s t r i b u t i o n  of i o n i z a t i o n  u s i n g  20 and 40 mc/s r a d i o  

t r a n s m i s s i o n s  from a sa t e l l i t e ,  and ( 3 )  t h e  l o c a t i o n  and 

luminos i ty  p r o f i l e s  of au ro ras  as measured from a network of 

ground s t a t i o n s  l o c a t e d  i n  Alaska. 

I n  t h i s  a n a l y s i s  we o b t a i n  t he  i n t e g r a t e d  e l e c t r o n  d e n s i t y  

b y  t he  Doppler method. The v a r i a t i o n s  i n  t h e  e l e c t r o n  conten t  

are then  compared w i t h  s imultaneous measurements of p a r t i c l e  

fluxes and a u r o r a l  luminos i ty .  A d e t a i l e d  d i s c u s s i o n  of  t h e  

d i f f e r e n t i a l  Doppler method i s  g iven  and a g e n e r a l  d i s c u s s i o n  

of the Faraday method i s  presented .  

C 
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DIFFSHZNTIAL DOPPLER FETHOD 

. 

A.  Doppler S h i f t  

I f  an an tenna  which  emits e l e c t r o m a g n e t i c  waves i s  moving 

r e l a t ive  t o  an o b s e r v e r ,  then  t h e  f requency  observed may be 

d i f f e r e n t  t h a n  t h e  emitted frequency.  

i s  ca l led  t h e  Doppler s h i f t  and i t  i s  g iven  by t h e  r e l a t i o n  

T h i s  f requency  change 

7 4 - 5  f s  - f = f s  ( v . r ) / c  , 
0 

where fo i s  t h e  observed and f, i s  t h e  e m i t t e d  f r equency .  The 

component of v e l o c i t y  a long  a s t r a igh t  l i n e  from t h e  s o u r c e  t o  

t h e  o b s e r v e r  I s  v . r ,  where < i s  t h e  v e l o c i t y  of t h e  s o u r c e ,  r 

i s  a u n i t  v e c t o r  toward t h e  o b s e r v e r ,  and c i s  t h e  v e l o c i t y  of 

p ropaga t ion  i n  free space .  Equat ion  (1) i m p l i e s  t h a t  t h e  

e l e c t r o m a g n e t i c  waves from t h e  s o u r c e  t o  t h e  o b s e r v e r  move 

th rough  f ree  space .  

2 4  2 

I f  t h e  medium is n o t  free space ,  b u t  a medium whose index  

o f  r e f r a c t i o n  i s  d i f f e r e n t  from u n i t y ,  t h i s  e q u a t i o n  (1) as it  

s t a n d s  does n o t  ho ld .  I n  an i o n i z e d  medium such as t h e  

i ~ n s s p h e r e ,  t h e  i ~ d e x  nf r e f r a c t i o n  i s  n o t  u n i t y ,  hence t h e  r a y  

p a t h  of  t h e  e l e c t r o m a g n e t i c  wave does n o t  n e c e s s a r i l y  follow 

a s t r a i g h t  l i n e ,  A t  some i n s t a n t  o f  t i m e ,  r a d i o  waves emit ted 

from t h e  s a t e l l i t e  will describe a s e t  of  i sophase  s u r f a c e s  

which w i l l  i n t e r s e c t  t h e  ray p a t h  t o  t h e  s a t e l l i t e  a t  r i g h t  

angles.  For  an inhomogenous i s o t r o p i c  medium, t h e  wave i s  

3 
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retarded and subsequent ly  the r a y  p a t h  i s  "bent"  as shown i n  

F igu re  1. 

B. Phase P a t h  

The b a s i c  assumption used i n  t h i s  a n a l y s i s  i s  Ferrnat's 

p r i n c i p l e  s t a t i n g  t h a t  t h e  a c t u a l  r a y  p a t h  between two p o i n t s  

i s  t h e  s h o r t e s t  time p a t h  of p ropaga t ion ,  o r  

where n i s  t h e  r e f r a c t i v e  index of  the medium. The above 

e q u a t i o n  shows t h a t  t h e  time of  t r a v e l  of  a wave-front from s1 

t o  s2 corresponding  to the p o i n t s  P 

s t a t i o n a r y  w i t h  r e s p e c t  t o  small v a r i a t i o n s  of  t h e  pa th .  The 

1 

and P a long  a r a y  p a t h  i s  
1 2 

t o t a l  t i m e  f o r  a r a y  t o  t r a v e r s e  the  medium from t h e  o b s e r v e r  

t o  the s a t e l l i t e  then becomes 

s2 
t ;i! V ds 

1 S 

-. 'me  phase p a t h  is irefinjed as 

JfS. 
1 S 

( 3 )  

The above e x p r e s s i o n  i s  not e x a c t  f o r  r a d i o  waves propagated  i n  

a n  i o n i z e d  medium, The approximation f o r  t h e  phase p a t h  P i s  

v a l i d  when r e f r a c t i o n  v a r i e s  s lowly  a long  t h e  p a t h  of  

8 
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F i g .  1. 
medium. 
p a t h .  

The bending of the r a y  p a t h  of  a r a d i o  wave i n  a n  i o n i z e d  
The i s o p h a s e  s u r f a c e s  are shown p e r p e n d i c u l a r  t o  t h e  r a y  
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propaga t ion .  

The d i f f e r e n c e  between t h e  phase p a t h  P ,  and a s t r a i g h t  

l i n e  p a t h ,  R ,  which i s  c a l l e d  the  phase pa th  d e f e c t ,  ( G a r r i o t t  

and Bracewell ,  1960), i s  given by 

P-R = A P  = (1-n)ds .  6 ( 5 )  

I n  t h e  above e x p r e s s i o n ,  t h e  r e f r a c t i v e  index  f o r  a g iven  pa th  

l e n g t h  de te rmines  t h e  magnitude of  t h e  phase p a t h  d e f e c t .  I n  

t h e  fo l lowing  s e c t i o n ,  t he  r e f r a c t i o n  of r a d i o  waves w i l l  be  

d i s c u s s e d ,  bu t  t h e  d i s c u s s i o n  w i l l  be l i m i t e d  t o  t h o s e  a s p e c t s  

which are r e l e v a n t  t o  H.F. r a d i o  waves i n  t h e  ionosphere .  

C. R e f r a c t i o n  i n  an I o n i z e d  Medium 

When an e l e c t r o m a g n e t i c  wave propagates i n  an i o n i z e d  

medium, such a s  t h e  ionosphere ,  t he  a l t e r n a t i n g  e l e c t r i c  f i e l d  

causes  the  charged p a r t i c l e s  i n  t h e  medium t o  o s c i l l a t e .  I f  no 

b i n d i n g  and f r i c t i o n a l  f o r c e s  are p r e s e n t  ( f r ee  p a r t i c l e s  and 

l o s s l e s s  medium) and the i n f l u e n c e  of the magnetic f i e l d  i s  

n e g l e c t e d ,  t h e  motion of a charged p a r t i c l e ,  whose charges  anti 

mass are e and m respec t ive ly  i s  g iven  by 

*A 2 

m dq = eE. 
d t  * 
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2 2 

The v e c t o r  q i s  t h e  p o s i t i o n  coord ina te  of t h e  charge  and E is 

t h e  e l e c t r i c  f i e l d  of t h e  wave. For  t h e  case  of p e r i o d i c  

o s c i l l a t i o n s ,  

and 

It follows from e q u a t i o n s  (6), (7), and (8) t h a t  

I n  t h e  equa t ion  above, t h e  term a t  the  r i g h t  of t h e  eq a1 s i g n  

i s  p o s i t i v e  and rea l ,  i t s  phase, t h e r e f o r e ,  must  be 3 + and 

hence t h e  ampli tude of t h e  o s c i l l a t i o n  of the  charge becomes 

From equa t ion  (lo), it  can b e  seen  t ha t  e l e c t r o n s  w i l l  

o s c i l l a t e  w i t h  cons iderably  greater ampli tude t h a n  p ro tons  o r  

molecular  i o n s ,  s i n c e  t h e  mass of an e l e c t r o n  is  r e l a t i v e l y  

much smaller. It  i s  €he free e l e c t r o n s  i n  t h e  i o n i z e d  medium 

which mostly a f fec t  t h e  propagat ion  of r a d i o  waves i n  t h e  

ionosphere .  
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To q u a n t i t a t i v e l y  e v a l u a t e  t h e  i n f l u e n c e  of  t h e  o s c i l l a t i n g  

e l e c t r o n s  on t h e  e l ec t romagne t i c  wave, we s t a r t  w i t h  Maxwell's 

e q u a t i o n s  ( i n  MKS Un i t s )  
A 

2 - c u r l  E dB 

d t  
- =  

a 2 

B = no H 

d6 A -. - + J = c u r l  H 
d t  

2 

D = Eo< . (14) 

I n  e q u a t i o n  (l3>, t h e  c u r r e n t  d e n s i t y  i s  g iven  by  

where N i s  t h e  number of charaged p a r t i c l e s  and ? i s  t h e i r  mean 

v e l o c i t y .  Upon combining t h e  c u r l  of e q u a t i o n  (11) w i t h  no d 

of e q u a t i o n s  ( 1 3 )  and (14), t h e  wave e q u a t i o n  i s  ob ta ined .  

8 

= AE A - grad d i v  -.L E 

-5 

= AE 
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From e q u a t i o n  ( 6 )  

and upon s u b s t i t u t i n g  t h i s  i n t o  equa t ion  ( 1 5 )  

2 
d2E" e ,  

~n - + ~ N A =  
0 0 & 2  O m  

For s i m p l i c i t y ,  w e  assume Car t e s i an  c o o r d i n a t e s  and a p l a n e  

wave which p ropaga te s  i n  t h e  z - d i r e c t i o n .  The e l e c t r i c  f i e l d  

of this p l a n e  wave i s  given by 

z 
i c o ( t -  -> 

E = E e  
X 0 

V 
3 (18) 

where Vis  t h e  phase v e l o c i t y .  The phase v e l o c i t y  i n  terms of  

the i n d e x  of r e f r a c t i o n  i s  d e f i n e d  as 

C n = -  
V 

hence,  

c nz 
i w ( t -  7) 

G E = E e  . 
X 0 

(20) 
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..(hen e q u a t i o n  ( 2 0 )  i s  s u b s t i t u t e d  i n t o  ( 1 7 ) ,  we o b t a i n  

1 

0 0  c 
S ince  n = 7 i n  a b s o l u t e  mks u n i t s ,  t h e  index  of  r e f r a c t i o n  

f o r  t h e  d i s p e r s i v e  medium becomes 

The above e q u a t i o n  shows t h a t  t h e  r e f r a c t i o n  e f f e c t  due t o  

e l e c t r o n s  i s  much g r e a t e r  than  i t  i s  f o r  p ro tons  o r  moleculor  

i o n s  and upon summing over  a l l  charges  t h e  e l e c t r o n s  are 

predominant i n  de te rmining  t h e  index  of r e f r a c t i o n .  For  the  

r e f r a c t i o n  of  r a d i o  waves i n  t h e  ionosphere ,  i t  i s  necessary  t o  

c o n s i d e r  only t h e  e l e c t r o n  d e n s i t y ,  N e .  

For a medium of a given e l e c t r o n  d e n s i t y ,  t h e  frequency a t  

which t h e  index  of r e f r a c t i o n  van i shes  i s  c a l l e d  t h e  c r i t i c a l  

f r e  - -uer,c-- 

s a t e l l i t e  frequency which w i l l  b e  cons idered  i n  t h i s  a n a l y s i s  

--I---- 0 ---..--.... - 0  +k, . rn  marl-f , ,m y1aaiua r A - c q u c = i i b , y  u L  w i a b  * s a ~ u ~ U ~ ~ ~ .  The l o ~ e s t  

i s  20 mc/s, which i s  usually somewhat greater t h a n  t h e  c r i t i c a l  

f requency  of t h e  ionosphere .  An average  high va lue  of t he  

c r i t i c a l  f requency i s  approximately 10  mc/s. 

The e f f e c t  of an ex terna l  magnetic f i e l d  has  been 

n e g l e c t e d  i n  the  above d i s c u s s i o n .  I n  t h e  ionosphere ,  the  
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l -  

. 

e a r t h ' s  magnetic f i e l d  in f luences  t h e  ho t ion  of e l e c t r o n s .  The 

r e f r a c t i v e  index  i s  t h e n  non- i so t ropic ,  and t h e  g e n e r a l  s o l u t i o n  

f o r  t h e  index  of r e f r a c t i o n  f o r  an a r b i t r a r y  f i e l d  d i r e c t i o n  

becomes q u i t e  complicated.  To s i m p l i f y  t h e  problem, we can f o r  

t h e  moment cons ide r  two cases ,  l o n g i t u d i n a l  and t r a n v e r s e  

propagat ion .  I n  t h e  f i rs t  case, t h e  wave normal i s  p a r a l l e l  t o  

t h e  d i r e c t i o n  of t h e  magnetic f i e l d  and i n  the l a t t e r  t h e  wave 

normal i s  p e r p e n d i c u l a r  t o  the f i e l d  d i r e c t i o n .  

We first  cons ide r  t h e  case of l o n g i t u d i n a l  propagat ion  of 

a p l ane  wave i n  t h e  z -d i r ec t ion .  The motion of charged par -  

t i c l e s  as given by e q u a t i o n  ( 6 )  can be modif ied t o  account f o r  

an e x t e r n a l  magnetic f i e l d ,  i . e .  

d$ -. 2 2  

xn - = eE + e ( v x B ) .  
d t  

( 2 2 )  

The motion of a charge is i n  t h e  x-y p lane  and i s  given b y  

A l i n e a r i l y  p o l a r i z e d  wave propagat ing  p a r a l l e l  t o  t h e  z -ax i s  

a t  some f i x e d  p o i n t  has a n  e l e c t r i c  f i e l d  

i u t  
E = E  e . 

X 0 



For t h i s  case, the  wave equa t ions  are 

. 

$ 2  
= %E, + i d 3 y 0  e 

2 ql 
-0 x o e  m m 

2 3 2  e @l 
= - io;i;Bx e - a y 0 e  

0 

e 
m 

The q u a n t i t y  -B is ca l led  t h e  gyrofrequency and i t  i s  t h e  

f requency  of t h e  c i r c u l a r  motion an e l e c t r o n  undergoes as a 

r e su l t  of  t h e  e x t e r n a l  f i e l d ,  t h e  geomagnetic f i e l d  i n  t h i s  

ca se .  A s  l ong  as the  frequency of t h e  e l e c t r o m a g n e t i c  wave is 

g r e a t e r  t h a n  the  gyrofrequency,  t h e  ampl i tude  of  t h e  wave w i l l  

be l i t t l e  a f f e c t e d  by t h e  e x t e r n a l  magnet ic  f i e l d .  

L e t t i n g  w = EB and s o l v i n g  e q u a t i o n s  ( 2 5 )  and ( 2 6 )  f o r  
i i m  

y and x , we have 
0 0 

0 H wl- q2) 
=i-x e 

w o  

The q u a n t i t i e s  xo and y o  are r ea l ,  and t h e r e f o r e ,  t h e  

r i g h t  hand s ide  of e q u a t i o n s  ( 2 7 )  and ( 2 8 )  must b e  rea l .  T h i s  

c o n d i t i o n  i s  s a t i s f i e d  b y  s e t t i n g  



1 3  

From e q u a t i o n  ( 2 3 ) ,  t h e  motion o f  t h e  charges  becomes 

. 

I -  

iwt 
x = - x  e 

0 

iot 
y = - i  3i x e 

0 0  . 

The two e q u a t i o n s  above show t h a t  e l e c t r o n s  move i n  

e l l i p t i c  o r b i t s .  O f  i n t e r e s t  here i s  t h e  case  i n  which t h e  

wave f requency  i s  cons ide rab ly  greater t h a n  t h e  gyrofrequency,  
0 WH tha t  i s ,  - 2 2 0  mc/s and - = l . O  mc/s. The major a x i s  of t h e  
27T 27r 

e l l i p s e  is, therefore,  cons ide rab ly  greater t h a n  t h e  minor a x i s  

and as t h e  wave frequency is  i n c r e a s e d ,  t h e  e l e c t r o n  motion 

approaches a l i n e a r  o s c i l l a t i o n .  An e l e c t r o m a g n e t i c  wave of a 

g iven  p o l a r i z a t i o n  a c t s  on t h e  e l e c t r o n s  and because Of 

e l l i p t i c  orbits of  t h e  e l e c t r o n s ,  t h e  secondary waves a r e  

p o l a r i z e d  d i f f e r e n t l y  than  t h e  p r i m a r y  waves. I n  t h e  medium, 

t he  p o l a r i z a t i o n  of t h e  pr imary  wave i s  con t inuous ly  altered 

and i f  t h e  p r i m a r y  wave was o r i g i n a l l y  l i n e a r i l y  p o l a r i z e d ,  t h e  

r e s u l t i n g  wave w i l l  be e l l i p t i c a l l y  p o l a r i z e d .  For an e l e c t r o -  

magnet ic  wave i n c i d e n t  p a r a l l e l  t o  t he  magnet ic  f i e l d ,  two wave 

modes w i t h  o p p o s i t e  p o l a r i z a t i o n s  w i l l  be  propagated.  

co r re spond ing  i n d i c e s  of  r e f r a c t i o n  f o r  t h e  l o n g i t u d i n a l  mode 

of p ropaga t ion  are (Rawer, 19521,  if % < a, 

The two 

P 1u - 2  A 
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- 

2 
Vhere f o  = 

s u b s c r i p t  refers t o  t h e  so c a l l e d  o rd ina ry  component 

(upper  s i g n )  and t h e  "X" r e f e r s  t o  the  e x t r a o r d i n a r y  component 

( lower sign) of t h e  two oppos i t e ly  r o t a t i n g  p o l a r i z a t i o n s .  

i s  t h e  plasma frequency of t h e  medium. The 

Only t h e  l o n g i t u d i n a l  mode of p ropaga t ion  has been con- 

sidered i n  the  above d i scuss ion .  When the  d i r e c t i o n  of t h e  

magnetic f i e l d  is p e r p e n d i c u l a r  t o  t he  wave normal, w e  have 

t h e  t r a n v e r s e  case .  If t h e  p o l a r i z a t i o n  of t h e  i n c i d e n t  wave 

i s  p a r a l l e l  t o  t h e  d i r e c t i o n  of t h e  magnetic f i e l d ,  t h e  f i e l d  

w i l l  have no e f f e c t  on the motion of t h e  e l e c t r o n s .  The index  

of r e f r a c t i o n  fo r  t h i s  case  i s  

2 
n = I - + ,  

' 2  

where f is t h e  plasma frequency and f t h e  wave frequency. The 

above r e l a t i o n  is e q u i v a l e n t  t o  t h e  case  where t h e  magnetic 

f i e l d  has been omi t t ed  a s  i n  e q u a t i o n  ( 2 1 ) .  On t h e  o t h e r  hand, 

i f  t h e  i n c i d e n t  wave is p o l a r i z e d  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  

of t h e  magnetic f i e l d ,  the e l e c t r o n s  w i l l  describe e l l i p s e s  i n  

a p l a n e  p e r p e n d i c u l a r  t o  t h e  magnetic f i e l d .  The index of 

r e f r a c t i o n  f o r  pe rpend icu la r  p o l a r i z a t i o n  i s  (Rawer, 1952) 

0 

2 f ,2(  f 2-f,2 1 
2 

n = 1 -  
f2( f2 - f02 - f  1 H 

The l inear  p o l a r i z a t i o n  normal t o  t h e  magnetic f i e l d  i s  

pkeserued ,  



I n  p r a c t i c e  the  wave normal w i l l  b e  o b l i q u e  t o  t h e  

d i r e c t i o n  o f  t h e  magnetic f i e l d  and i n  t h i s  case t h e  e q u a t i o n  

f o r  t h e  index  of r e f r a c t i o n  i s  q u i t e  compl ica ted .  The c o l l i s i o n  

f ree  form of t h e  Appleton-Hartree formula f o r  t h e  i n d e x  of re- 

f r a c t i o n  f o r  an a rb i t r a ry  a n g l e , 8  , between t h e  magnet ic  f i e l d  

v e c t o r  and t h e  wave normal i s  (Rawer, 1952) 

Booker (1935) has shown t h a t  i n  p r a c t i c e  e i t h e r  t h e  

q u a s i - l o n g i t u d i n a l  (QL)  o r  q u a s i - t r a n s v e r s e  (QT)  approximation 

can u s u a l l y  be used. The a p p l i c a b i l i t y  of one o r  t h e  o t h e r  

approximat ions  depends upon the  c o n d i t i o n  

2 2  f -f 

f 
1 -&: f,>3 o ( Q T  case). (QL c a s e )  o r  2 cos 1 s i n  2 8 1 f2 - f ,2  

f H < j  f 
- -  
2 cos e 

1 
3 

The f a c t o r  3 and - i n  the  above i n e q u a l i t i e s  are a r b i t r a r -  

i l y  chosen t o  g ive  reasonably  a c c u r a t e  numer i ca l  v a l u e s  f o r  

i o n o s p h e r i c  c a l c u l a t i o n s  ( R a t c l i f f e ,  1959) .  For  t h e  wave 

f r e q u e n c i e s  of i n t e r e s t  he re  ( f  ),20 mc/s) , t h e  QL approximation 

w i l l  h o l d  f o r  most ca ses .  For  example, l e t  f=20 mc/s, 

f,=10 mc/s, and fH=1.5 mc/s. 

holds f o r  0<(9 (<84O.  

h o l d s  only f o r  8 g 0 4  e l<goo. 

The QL approximat ion  i n  t h i s  case 

On the  o t h e r  hand the QT approximation 
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D. D i f f e r e n t i a l  Doppler S h i f t  

I n  s e c t i o n  A the phase p a t h  i s  g iven  by equa t ion  ( 4 )  and 

i t  i s  assumed tha t  t h e  r e f r a c t i v e  index  v a r i e s  s lowly a long  t h e  

p a t h  of p ropaga t ion .  Due t o  t h e  motion o f  a s a t e l l i t e ,  the 

phase p a t h  is  c o n t i n u a l l y  changing as t h e  t i m e  v a r i e s .  The 

r a t e  of change of  t h e  path can, t h e r e f o r e ,  be expres sed  as a 

t i n e  d e r i v a t i v e  of P. I n  terms of a Doppler s h i f t ,  

. 
fs-f = 11, 

O A  
(34) 

where i )  i s  the  time d e r i v a t i v e  of  t h e  phase p a t h  and h i s  t h e  

wave l e n g t h  o f  the observed frequency fo.  

radiated by t h e  s a t e l l i t e  i s  fs .  

e q u i v a l e n t  t o  t h e  Doppler s h i f t  g iven  b y  e q u a t i o n  (1) i f  t h e  

r a d i o  wave were p ropaga t ing  through f ree  space .  The Doppler 

s h i f t  depends n o t  only on the  frequency of t h e  r a d i o  wave, b u t  

a l s o  on t h e  phase pa th ,  as shown by e q u a t i o n  ( 3 4 ) .  The 

d i f f e r e n c e  between t h e  Doppler s h i f t  observed when a r a d i o  wave 

passes through an i o n i z e d  medium and t h e  Doppler s h i f t  t h a t  

would have been observed i n  absence o f  t h e  i o n i z e d  medium i s  

c a l l e d  t h e  d i f f e r e n t i a l  Doppler s h i f t  . The d i f f e r e n t i a l  

Doppler s h i f t  i s  q u i t e  small, u s u a l l y  much smaller t h a n  t h e  

Doppler s h i f t ,  f,-f . It i s ,  t h e r e f o r e ,  necessa ry  t o  measure 

t h e  observed frequency very a c c u r a t e l y .  The frequency of t h e  

s o u r c e  ( t h e  frequency r a d i a t e d  by  t h e  s a t e l l i t e  t r a n s m i t t e r )  i s  

n o t  a b s o l u t e l y  s tab le  and it may f l u c t u a t e  i n  f requency as much 

The frequency 

The above e q u a t i o n  would be  

0 



o r  more t h a n  t h e  d i f f e r e n t i a l  Doppler e f f e c t .  A s i m p l e  method 

has been dev i sed  t o  overcome t h i s  d i f f i c u l t y  and t h i s  i s  done 

by  r a d i a t i n g  two phase coherent  o r  harmonical ly  re la ted fre-  

quencies  (Seddon, 1953). Since the index  of r e f r a c t i o n  depends 

upon the  wave f requency ,  each harmonica l ly  re la ted frequency 

w i l l  have a d i f f e r e n t  index  of r e f r a c t i o n  i n  t h e  i o n i z e d  medium. 

Upon r e c e i v i n g  these two f r e q u e n c i e s  a t  t h e  o b s e r v e r ' s  l o c a t i o n ,  

one of  t h e  f r e q u e n c i e s  may b e  m u l t i p l i e d  o r  d i v i d e d  by  t h e  r a t i o  

of t h e  harmonic f r equenc ie s  and t h e n  t h e  ra te  of change of phase 

between these f r e q u e n c i e s  can be recorded .  The d i f f e r e n c e  i n  

f requency will depend f o r  t h e  most p a r t  on t h e  index  of r e f r a c t i o c  

r e f r a c t i o n  of t h e  lower frequency.  

The phase pa th  d e f e c t  r e s u l t i n g  from t h e  d i f f e r e n t  i n d i c e s  

of r e f r a c t i o n  f o r  two harmonical ly  r e l a t e d  f r e q u e n c i e s  i s  t h e  

d i f f e r e n c e  i n  t h e  phase pa th .  Thus from e q u a t i o n  ( 4 )  

f S  
n P = P  -P = I (nl-n2)ds,  1 2  (35) 

J 
0 

where P1 and P2 are t h e  phase p a t h s  f o r  t h e  h igher  and lower 

f r e q u e n c i e s  r e s p e c t i v e l y .  It will be  assumed t h a t  t h e  index  of 

r e f r a c t i o n  is n e a r l y  u n i t y .  Squa t ion  ( 2 1 )  t hen  can be t o  a 

good approxirnat i o n  given by 
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I n  r a t i o n a l i z e d  mks u n i t s ,  wi th  N d e n o t i n g  t h e  electron 

d e n s i t y  p e r  c u b i c  meter and t h e  frequency ,f , expres sed  i n  

c y c l e s  p e r  second,  t h i s  g ives  

Upon s u b s t i t u t i n g  t h e  index  of  r e f r a c t i o n  g iven  b y  e q u a t i o n  

(37) i n t o  e q u a t i o n  (35)  and l e t t i n g  rf be  t h e  harmonic 

f requency ,  we o b t a i n  

S 
A P  = K 2 ,-fnds. r2-1 

2 f2 r 
(38 )  

The s t r a i g h t  l i n e  p a t h  from t h e  observer t o  t h e  s a t e l l i t e  can 

be  r e p r e s e n t e d  by  

S 

R = i s .  ( 3 9 )  

I n  terms of t h e  z e n i t h  angle  x and h e i g h t  h, of  t h e  s a t e l l i t e ,  

ds = s e c  x dh ( 4 0 )  

and 

R = h, sec x . 



S i n c e  X v a r i e s  s lowly a l o n g  the  r a y  p a t h ,  e q u a t i o n  (38)  can be 

expres sed  approximately a s  

‘0 

The i n t e g r a t e d  term i s  t h e  e q u i v a l e n t  v e r t i c a l  e l e c t r o n  c o n t e n t ,  

t ha t  i s  the t o t a l  number o f  e l e c t r o n s  i n  a column of  u n i t  base 

which ex tends  from t h e  ground t o  t h e  h e i g h t  of t h e  s a t e l l i t e .  

It  shou ld  be emphasized he re  t h a t  t h e  e l e c t r o n  c o n t e n t  i s  t h e  

r e s u l t  of i n t e g r a t i n g  t h e  e l e c t r o n  d e n s i t y  a l o n g  t h e  pa th  of 

p ropaga t ion .  

t h e  o b l i g u i t y  of t h e  phase pa th  i s  t a k e n  i n t o  account  by  t h e  

To o b t a i n  an e q u i v a l e n t  v e r t i c a l  e l e c t r o n  c o n t e n t ,  

s e c  X f a c t o r .  

By t he  two frequency method, t h e  beat f requency observed 

cr t h e  d i f f e r e n t i a l  Doppler f requency i s  t h e  time r a t e  of 

ch8.nge of O i  - . 
d e r i v a t i v e  w i t h  r e s p e c t  t o  t i m e )  i s  c a l l e d  -I_L--. t h e  D o m l e r  s h i f t  

I--- o f f s e t  (Garr:’Lott - and Brscewell ,  1960). D i f f e r e n t i a t i n g  

e q u a t i o n  ( 4 2 )  w i t h  r e s p e c t  t o  t ime ,  and d i v i d i n g  b y  

Ti?e q u a n t i t y  ~ ~ - 1  (where the  d o t  i s  t h e  
h h 7 2  

L e t  

I = I N d h  and [> (_2)1 r2-1 = C1 , 
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c 

t h e n  (43) can b e  w r i t t e n  

Equat ion  ( 4 4 )  i s  a f i r s t - o r d e r  and l i n e a r  d i f f e r e n t i a l  e q u a t i o n .  

The f u n c t i o n s  of x are known f u n c t i o n s  of time when the 

o r b i t  of t h e  s a t e l l i t e  is known. To c a l c u l a t e  I ( t )  w e  need one 

i n i t i a l  c o n d i t i o n ,  t h a t  i s  the va lue  of I a t  some a r b i t r a r y  

t i m e .  



CHAPTER 111 

FARADAY ROTATION 

. 

The p resence  of  t h e  e a r t h ' s  magnet ic  f i e l d  i n  t h e  

ionosphe re  causes  t h e  p l ane  o f  p o l a r i z a t i o n  of  a r a d i o  wave t o  

r o t a t e  as t h e  wave p ropaga te s  through t h e  ionosphere .  T h i s  

r o t a t i o n  i s  known as t h e  Faraday e f f ec t .  A p l a n e  p o l a r i z e d  

wave p r o p a g a t i n g  pa ra l l e l  t o  t h e  magnet ic  f i e l d  upon e n t e r i n g  

the  ionosphe re  i s  s p l i t  i n t o  two c i r c u l a r l y  p o l a r i z e d  modes 

which have o p p o s i t e  s e n s e s  of r o t a t i o n .  Because each mode has 

a s l i g h t l y  d i f f e r e n t  i ndex  of r e f r a c t i o n ,  t h e  phase between t h e  

two modes i s  c o n t i n u a l l y  changing. Upon combining t h e  two 

modes a t  any p o i n t  a long  t h e  p a t h ,  t h e  r e s u l t i n g  p o l a r i z a t i o n  

w i l l  be l i n e a r ,  b u t  i t  will have r o t a t e d  i n  a p l a n e  perpendic-  

u l a r  t o  t h e  d i r e c t i o n  o f  p ropaga t ion ,  The a n g l e  R which t h e  

p o l a r i z a t i o n  has r o t a t e d  i s  r e l a t ed  t o  t h e  d i f f e r e n c e  i n  phase 

pa th  o f  t h e  t w o  modes b y  

= 2QP0-P X '  
C 

( 4 5 )  

where P and P are t h e  phase p a t h s  of  t h e  o r d i n a r y  and extra- 

o r d i n a r y  modes. Equat ion  (30) g i v e s  t h e  index  of r e f r a c t i o n  

f o r  t h e  t w o  modes. I f  we assume t h e  two modes p ropaga te  a long  

t h e  same p a t h ,  t h e n  by s u b s t i t u t i n g  e q u a t i o n  (30 )  i n t o  (45)  and 

i n t e g r a t i n g  a l o n g  t h e  phase p a t h ,  w e  o b t a i n  

0 X 

 OS 8 s e c X d h .  3 e n  
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where Hcos 6 i s  t h e  component o f  t h e  geonagnet ic  f i e l d  a l o n g  t h e  

d i r e c t i o n  of propagat ion .  The ra te  of r o t a t i o n  o f  t h e  plane of 

p o l a r i z a t i o n  can be o b t a i n e d  by d i f f e r e n t i a t i n g  t h e  above 

e q u a t i o n  w i t h  respect t o  time. 

slowly w i t h  r e s p e c t  t o  t ime, e q u a t i o n  (46 )  can be expres sed :  

S ince  bo th  Hcos e and s e c  x vary  

hs 
= R0+AQi 

CI K2Hcose s e c  X/Ndh n ( t )  = 
fZ 

(47 )  

'0 

e3no 
- = 4.72(10-3) ,[mks] The q u a n t i t y  

3 2  16 T m Eoc K2 - where 

A n i  can be  measured and no i s  a c o n s t a n t .  

s a t e l l i t e  i s  no t  t o o  g r e a t ,  t h e  va lue  of  Hcos is n e a r l y  con- 

s t a n t  a l o n g  t h e  phase pa th .  By assuming a model f o r  t h e  geo- 

magnet ic  f i e l d  and knowing the  p o s i t i o n  of t h e  s a t e l l i t e ,  t h e  

v a l u e  of Hcos 8 can b e  c a l c u l a t e d  as a f u n c t i o n  o f  t ime. If t h e  

v a l u e  o f  fi0 can b e  determined, t h e  e l e c t r o n  c o n t e n t  as a 

If t h e  h e i g h t  of t h e  

f u n c t i o n  of  t ime can t h u s  be ob ta ined  from t h e  measurement of 

Faraday r o t a t i o n .  It can be s e e n  t h a t  e q u a t i o n  ( 4 7 )  i s  similar 

t o  e q u a t i o n  (42) and t h a t  bo th  e x p r e s s i o n s  c o n t a i n  t h e  

i n t e g r a t e d  e l e c t r o n  c o n t e n t  I N d h .  



CHAPTER I V  

TiiE CALCULATION OF ELECTRON CONTENT 

. 

I n  c h a p t e r  I1 it was shown t h a t  t h e  e l e c t r o n  con ten t  as a 

f u n c t i o n  of  time could be c a l c u l a t e d  b y  s o l v i n g  t h e  d i f f e r e n -  

t i a l  e q u a t i o n  ( 4 4 ) .  To c a l c u l a t e  t h e  e l e c t r o n  c o n t e n t ,  howevel; 

one i n i t i a l  c o n d i t i o n  i s  r e q u i r e d ,  namely t h e  v a l u e  of t h e  

e l e c t r o n  c o n t e n t  f o r  an a r b i t r a r y  time. S ince  t h i s  i n i t i a l  con- 

d i t i o n  i s  not  known, i t  i s  necessa ry  t o  use o t h e r  o b s e r v a t i o n a l  

data o r  t e c h n i q u e s  t o  e s t ab l i sh  i t s  va lue .  I n  t h e  f o l l o w i n g  

s e c t i o n s  ( A )  and ( B ) ,  two methods o f  o b t a i n i n g  t h e  i n i t i a l  con- 

d i t i o n  w i l l  be  desc r ibed .  The f i rs t  method i s  a l e a s t  squa re  

approximation t echn ique  which r e q u i r e s  no o t h e r  o b s e r v a t i o n a l  

data,  bu t  t he  c a l c u l a t i o n s  r e q u i r e  t h e  use of  a d i g i t a l  computer, 

I n  the second method Faraday r o t a t i o n  in fo rma t ion  and a model 

f o r  t h e  ea r th ' s  magnetic f i e l d  are r e q u i r e d ,  bu t  t h e  

c a l c u l a t i o n s  t o  o b t a i n  t h e  e l e c t r o n  con ten t  are s i m p l e r  t h a n  t h e  

l eas t  squa re  method. 

A .  Least Square Method 

I n  t h i s  s e c t i o n  a least  squa re  approximation t echn ique  

d e v i s e d  by de Mendonca (1962) t o  c a l c u l a t e  t h e  e l e c t r o n  c o n t e n t  

u s i n g  only d i f f e r e n t i a l  Doppler  i n fo rma t ion  w i l l  be desc r ibed .  

A f u r t h e r  re f inement  of t h i s  least  squa re  t echn ique  which pro- 

p e r l y  accounts  f o r  h o r i z o n t a l  g r a d i e n t s  i n  e l e c t r o n  d e n s i t y  i s  

p r e s e n t e d .  

23 
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The phase p a t h  d i f f e r e n c e ,  AP can be o b t a i n e d  by 

i n t e g r a t i n g  t h e  d i f f e r e n t i a l  Doppler measurement, thus 

Ap = A P o + h  A P  d t  5 A P o t  APi, 13 
where AP, i s  an unknown i n i t i a l  c o n d i t i o n  and APi is  unders tood  

... I1 
t o  b e  F O P i  The time i n t e g r a l  of  t h e  d i f f e r e n t i a l  Doppler 

A 

f requency m u l t i p l i e d  b y  t h e  wavelength can b e  o b t a i n e d  

numer i ca l ly  by coun t ing  t h e  number o f  c y c l e s  o f  t h e  d i f f e r e n -  

2. t i a l  Doppler measurement from t i m e  t t o  t 1 

From t h e  geometry of t h e  s a t e l l i t e  o r b i t  r e l a t ive  t o  t h e  

r e c e i v i n g  s t a t i o n ,  there i s  a time when t h e  z e n i t h  a n g l e  of t h e  

r a y  pa th  i s  a minimum, hence 

- d [cosx ( t ) ]  
d t  t=t  

= 0. 

0 

( 4 9 )  

The e l e c t r o n  c o n t e n t  g iven  by e q u a t i o n  ( 4 4 )  f o r  t=to t h e n  

r educes  t o  

The above e x p r e s s i o n  is a f i rs t  l i n e a r  approximation f o r  f ( t ) ,  
t h e  t i m e  r a te  of  change of t h e  e l e c t r o n  con ten t  of  a column 

hav ing  un i t  base. I f  the measured va lue  of  &', i n  the  - 
A 
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. 

neighborhood of to i s  q u i t e  i r r e g u l a r ,  an average  v a l u e  can be 

used.  Using e q u a t i o n  ( 4 4 )  we can o b t a i n  a f irst  approximat ion  

f o r  t h e  d i f f e r e n t i a l  Doppler s h i f t ,  

r 

where I(to)=I ( t ) ,  

known e x c e p t A P o ,  

from t h e  known o r b i t  of t h e  s a t e l l i t e .  

A l l  of  the  q u a n t i t i e s  i n  t h i s  e q u a t i o n  are 

The z e n i t h  a n g l e  f u n c t i o n s  can b e  c a l c u l a t e d  
1 

We can approx?.mate the va lue  o f  A?, b y  a l e a s t  s q u a r e  

method, The u s u a l  t echn ique  i s  t o  sum t h e  s n u a r e s  of t h e  

d e v i a t i o n s ,  hence . 
A P i  2 

= z (F i  - -) i h ( 5 3 )  

Tho ra lce  of  AP,  x!iich w i l l  minimize t h e  sum i s  t h e n  used t o  

c a l c u l a t e  a f i x t  approximatfon of t h e  e l e c t r o n  c o n t e n t  I ( t  ) 

( t h e  s u b s c r i p t  i r e f e r s  t o  I l ( t )  a t  d i s c r e t e  times ( t i ) .  
1 i  
The 

m i n i m i x a . t i n n  nf  ( 5 . 3 )  C e n  reairSly h e  B.ccamFlished with a. d i g i t a l  

conpu te r .  From e q u a t i o n s  ( 4 2 )  and ( 4 8 1 ,  we have 
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L 

. 

Once I l ( t . )  has been ob ta ined ,  it can be used t o  f i n d  a second 

approximation f o r  t h e  e l e c t r o n  con ten t  by an i t e r a t i v e  process. 

1 

A best f i t  polynomial can t h e n  be found which w i l l  re- 

p r e s e n t  t h e  curve  d e f i n e d  by I l( t i) ,  i.e. 

h m L I &  

I l ( t )  = al+a2t*a3t +,- - - -,+ ant  ( 5 5 )  

The curve f o r  I l( t .)  i s  usually smooth w i t h  no more t h a n  two 
1 

maxima o r  minima and, t h e r e f o r e ,  i n  most c a s e s  a t h i r d  degree 

polynomial  w i l l  adequate .  The second approximation f o r  I ( t )  i s  
. 

o b t a i n e d  by t a k i n g  t h e  time d e r i v a t i v e  of (471,  t h u s  

n-1 2 12(t) = a2+2a t + 3 a 4 t  +,--- - -,tna,t ( 5 6 )  3 

The above f u n c t i o n  i s  then  used t o  o b t a i n  a new f u n c t i o n ,  F 2 ( t ) ,  

f o r  t h e  d i f f e r e n t i a l  Doppler f requency 

A new va lue  f o r  A P o  can be c a l c u l a t e d  by  minimizing 

!5?! 



. 

I -  

When A P o  has been found, 12(ti) can be c a l c u l a t e d .  The process 

g iven  aSove may be  repeated t o  f i n d  13(t) ,  I,,(t), ---- 9 I n ( t ) s  

u n t i l  

n- 1 n 

where E i s  an a r b i t r a r y  va lue  r e p r e s e n t i n g  t h e  maximum 

d e v i a t i o n  of I ( t ) .  

A g r e a t  many numer ica l  c a l c u l a t i o n s  are r e q u i r e d  t o  o b t a i n  

the  e l e c t r o n  c o n t e n t ,  I( t) ,  f o r  a s i n g l e  s a t e l l i t e  passage. 

During an average  s a t e l l i t e  passage, t h e  d i f f e r e n t i a l  Doppler 

s h i f t  i s  r e c o r d e d  f o r  approximately three minutes  and if I ( t )  

i s  c a l c u l a t e d  a t  one second i n t e r v a l s ,  t h e n  180 data p o i n t s  are 

c a r r i e d  i n  the c a l c u l a t i o n s .  The only  p r a c t i c a l  way t o  do 

these c a l c u l a t i o n s  i s  t o  use a d i g i t a l  computer. 

B. Combined Doppler-Faraday Method 

The e l e c t r o n  c o n t e n t  i s  re la ted t o  b o t h  t h e  d i f f e r e n t i a l  

Doppler  f requency  and t h e  Faraday r o t a t i o n  rate.  It fs 

p o s s i b l e  t o  combine these  measurements as s u g g e s t e d  by Burgess  

(1961)  t o  c a l c u l a t e  t h e  e l e c t r o n  c o n t e n t ,  By t h i s  method t h e  
I .  

c o n s t a n t  AP, can be  c a l c u l a t e d  d i r e c t l y  and no assumptions 

about  h o r i z o n t a l  g r a d i e n t s  i n  t h e  e l e c t r o n  d e n s i t y  o r  v e r t i c a l  

v e l o c i t y  components of t h e  s a t e l l i t e  are r e q u i r e d .  Methods f o r  

c a l c u l a t i n g  t h e  e l e c t r o n  con ten t  u s i n g  Faraday and Doppler 
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1 -  
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i n fo rma t ion  have been devised  by Golton (1962) and de Mendonqa 

and G a r r i o t t  (1962b) ,  and t h e  l a t t e r s  method w i l l  be described 

here 

The Doppler and Faraday e f f e c t s  are independent from one 

a n o t h e r  and, t h e r e f o r e ,  i t  i s  p o s s i b l e  t o  combine e q u a t i o n s  for 

AP ( 4 2 )  and ( 4 7 )  and ob ta in  

"1 

where HL is the magnetic f i e l d  i n  t h e  d i r e c t i o n  of wave normal. 

For any two a r b i t r a r i l y  chosen times tl and t2 ,  

1 1  2 2  1 0  2 0  1 R A P  -H, AP +HL A P  -HL AP 
1,2 

and s o l v i n g  f o r  AP, ,  w e  have 

A P  =[ K 3  1 , 2  + AP2HL - APIHLl  j ! 
0 ? 

HI -HI 

K 3  1,2 + AP2HL,- APIHL,  ! i A P  0 = /  
r~ L 'J 

HI -HI 

A l l  of t h e  q u a n t i t i e s  on t h e  r i g h t  s ide  of t h e  above equa t ion  can 

b e  measured expe r imen ta l ly  o r  c a l c u l a t e d .  Upon d i f f e r e n t i a t i n g  

e q u a t i o n  (59)  w i t h  r e s p e c t  t o  t ime, w e  o b t a i n  

K3HL HL 

where LIP = A  Po+APi(equation 48).  

(62 )  
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The above e q u a t i o n  i s  u s e f u l  s i n c e  t h e  t i m e  ra te  of change of 

Rand A P  are u s u a l l y  measured d i r e c t l y .  

The v a l u e  of A P o  ob ta ined  by t h e  Doppler-Faraday method 

and by the l ea s t  s q u a r e  approximation method d e s c r i b e d  have 

been compared by de Mendonca and G a r r i o t t  (1962 b ) .  

found tha t  b o t h  methods g ive  similar r e s u l t s ,  w i t h i n  53, f o r  

c a s e s  where t h e  Faraday r o t a t i o n  r a t e  was no t  t o o  slow. Jhen 

t h e  t o t a l  Faraday r o t a t i o n  i s  less t h a n  10 r a d i a n s ,  t h e y  sugges t  

t h a t  APo ob ta ined  b y  t h e  l e a s t  s q u a r e  approximation i s  more 

a c c u r a t e  . 

They have 

C. Faraday E f f e c t  on the D i f f e r e n t i a l  Doppler Measurement 

I n  o b t a i n i n g  t h e  e l e c t r o n  c o n t e n t  from t h e  d i f f e r e n t i a l  

Doppler measurement, t h e  e f f e c t  of t h e  ear th 's  magnet ic  f i e l d  

has been n e g l e c t e d ,  de Mendonca and G a r r i o t t  (1962~) have shown 

t h a t  t h e  e r r o r  i s  small  when t h e  magnet ic  f i e l d  i s  n e g l e c t e d  i n  

the  c a l c u l a t i o n s .  

The index  of r e f r a c t i o n  g iven  by e q u a t i o n  (30) is  s l i g h t l y  

d i f f e r e n t  f o r  o r d i n a r y  and e x t r a o r d i n a r y  mode, s i n c e  t h e  r a d i o  

f r e q u e n c i e s  used  f o r  s a t e l l i t e  t r a n s m i s s i o n s  are u s u a l l y  ixieh 

greater  t h a n  t h e  gyrofrequency of t h e  medium. 

The phase p a t h  f o r  each of t h e  two modes of p ropaga t ion  

will n o t  be  t h e  same and as a r e s u l t  t h e  Doppler s h i f t  f o r  each 

mode w i l l  be d i f f e r e n t .  The Doppler s h i f t  measurement w i l l  

cor respond t o  t h e  mode which i s  accep ted  by the antenna.  If a 

l i n e a r l y  p o l a r i z e d  antenna i s  used, such  as a d i p o l e ,  t h e  
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antenna  w i l l  r e c e i v e  both  c i r c u l a r l y  p o l a r i z e d  modes. The 

f requency  o f  t h e  s i g n a l  t h a t  i s  r e c e i v e d  by t h e  an tenna  can b e  

de te rmined  i n  t h e  f o l l o w i n g  way. L e t  t h e  v o l t a g e  induced  on 

t h e  r e c e i v i n g  an tenna  by t h e  o r d i n a r y  and e x t r a o r d i n a r y  waves 

be 

Eo = A sin2?rfot 

and 

Ex = B s in2RfXt  

= B s i n 2 f i f o + 2 f l ) t ,  ( 6 4 )  

where 2fl=fx-f 

o r d i n a r y  and e x t r a o r d i n a r y  waves. T h i s  f requency  d i f f e r e n c e  i s  

a r e s u l t  of  t h e  s l i g h t l y  d i f f e r e n t  Doppler s h i f t  of  t h e  two 

wave modes. The t o t a l  v o l t a g e  induced  on t h e  an tenna  i s  

i s  t h e  frequency d i f f e r e n c e  between t h e  
0 

E = Eo+E = A s in2Wot+B s i n 2 T  ( f o t 2 f l ) t  . ( 6 5 )  
X 

When t h e  o rd ina ry  wave predominates ,  i .e .  A>>B, and the  

d i f f e r e n t i a l  Doppler s h i f t  w i l l  correspond t o  t h e  o r d i n a r y  wave, 

I n  t h e  c'ase A=B, b o t h  modes w i l l  be r e c e i v e d  e q u a l l y  by the  

an tenna .  We have then ,  l e t t i n g  A=B=C 



The frequency of the  two modes combined a t  t he  antenna i n  t h i s  

case will be 

f o + f l  = l ( f ,+f , )  2 

o r  the  mean value of f o  and f,. 

modulate t h e  received s igna l  a t  a frequency f l ,  s ince  

f ,  and f x > > f l .  

fading r a t e .  

The  cos2rf l t  term w i l l  

The frequency fl i s  e q u a l  t o  t h e  Faraday 



r a d i a t e d  l i n e a r l y  p o l a r i z e d  waves a t  the  harmonica l ly  re la ted  

f r e q u e n c i e s  of 20 and 40 mc/s. A t  t h e  r e c e i v i n g  s t a t i o n ,  

l i n e a r l y  p o l a r i z e d ,  three-element yag i  an tennas  were used on 

each frequency. 

wave l e n g t h  a p a r t  a long  a l i n e  p e r p e n d i c u l a r  t o  the 

s u b s a t e l l i t e  pa th  . 
The antennas were spaced approximately one 

A phase-lock system was used  t o  " lock" t h e  phase of t h e  

r e c e i v e d  s i g n a l  t o  a 455 k c / s  r e f e r e n c e  o s c i l l a t o r .  Common 

o s c i l l a t o r s  f o r  bo th  t h e  20 and 40 mc/s r e c e i v e r s  were used t o  

r e t a i n  t he  phase r e l a t i o n s h i p  between t h e  two s i g n a l s .  I n  

o r d e r  t o  compare t h e  r e l a t i v e  phase of t h e  two s i g n a l s ,  t h e  

f requency  r e s u l t a n t  of t h e  f i r s t  c o n v e r t e r  of t h e  20 mc/s 

sys t em i s  doubled and then a p p l i e d  t o  i t s  I F  amplifier. The 

d i f f e r e n t i a l  Doppler s h i f t  i s  ob ta ined  by r e c o r d i n g  t h e  phase 

between t h e  455 kc/s  r e f e r e n c e  o s c i l l a t o r  and t h e  I F  output  of 

t h e  20 mc/s r e c e i v e r .  Along w i t h  t h e  d i f f e r e n t i a l  Doppler 

s h i f t ,  t h e  40 mc/s Doppler s h i f t  i s  recorded .  The Doppler 

s h i f t  appears  as t h e  d i f f e r e n c e  frequency between t h e  t r a c k i n g  

o s c i l l a t o r  and a s t a b l e  40.460 mc/s c r y s t a l  o s c i l l a t o r .  
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CHAPTER VI 

E XPER I MEN TA L RE S ULTS 

D i f f e r e n t i a l  Doppler measurements were o b t a i n e d  from f o u r  

passages  of t he  s a t e l l i t e  19626 over  Col lege ,  Alaska (Geo- 

magnet ic  l a t i t u d e  64.65ON, l o n g i t u d e  256.56OE), between March 1 

and March 4 ,  1962. The e l e c t r o n  con ten t  has been c a l c u l a t e d  

and i n  t h i s  c h a p t e r  t h e  r e s u l t s  of t h e s e  c a l c u l a t i o n s  w i l l  be  

p r e s e n t e d  and d i scussed .  Besides  t h e  d i f f e r e n t i a l  Doppler 

measurements r eco rded ,  d i r e c t  measurement of  p a r t i c l e s  f l u x e s ,  

r a d i o  wave d i f f r a c t i o n  measurements, and o p t i c a l  measurements 

on a u r o r a s  were made s imul taneous ly  d u r i n g  s e v e r a l  of t h e  

s a t e l l i t e  passages . The r e l a t i o n s h i p  between these o the r  

measurements and t h e  e l e c t r o n  c o n t e n t  of  t h e  ionosphere  W i l l  

a l s o  be d i s c u s s e d .  

The s a t e l l i t e  was i n j e c t e d  i n t o  a n e a r l y  p o l a r  o r b i t  on 

February  28 ,  1962. The o r b i t  was i n c l i n e d  approximately 82'. 

The h e i g h t  o f  t h e  s a t e l l i t e  when it passed over  t h e  v i c i n i t y  of 

College ranged between 255 and 280 km. For  t h e  s o u t h  t o  n o r t h  

passages over  Col lege ,  t h e  s a t e l l i t e ' s  motion was n e a r l y  

p a r a A r s A  t o  t h e  Czllege geomsgnetic merid ian .  Shown i n  

F i g u r e  3 are t h e  s u b s a t e l l i t e  p a t h s  r e l a t i v e  t o  Col lege f o r  

the f o u r  passages of t h e  s a t e l l i t e  which w i l l  b e  cons ide red  i n  

t h i s  a n a l y s i s .  The t h i c k  p o r t i o n  of  t h e  l i n e s  r e p r e s e n t i n g  t h e  

s u b s a t e l l i t e  pa ths  i n d i c a t e  t h e  l o c a t i o n  of t h e  s a t e l l i t e  when 

d i f f e r e n t i a l  Doppler  data  were obta ined .  

--."el 1*1 
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The e l e c t r o n  con ten t  was c a l c u l a t e d  u s i n g  t h e  i n i t i a l  

. 

c o n d i t i o n ,  APo,  determined b y  the  least  squa re  method discussed 

on pages 25-27. The f i rs t  approximation of APo was used i n  t h e  

c a l c u l a t i o n  of t h e  e l e c t r o n  con ten t  f o r  the f o u r  s a t e l l i t e  

passages .  

c u l a t e d  because not  enough time was a v a i l a b l e  t o  develop t h e  

necessa ry  computer programs t o  do these c a l c u l a t i o n s .  The 

Higher o r d e r  approximations of APo were n o t  c a l -  

e l e c t r o n  con ten t  c a l c u l a t e d  by  using t h e  first approximation of 

A P o  may be i n  e r r o r  a few p e r  c e n t ,  bu t  t h e  r e l a t i v e  v a r i a t i o n s  

i n  t h e  e l e c t r o n  conten t  w i l l  be q u i t e  a c c u r a t e .  I n  t h i s  

a n a l y s i s  we are concerned mostly w i t h  t h e  r e l a t i v e  v a r i a t i o n s  

of the  e l e c t r o n  c o n t e n t ,  

A p l o t  of  e l e c t r o n  conten t  I ( t )  (which w i l l  be referred t o  

hereafter as I )  as a f u n c t i o n  of time f o r  s a t e l l i t e  passage 

number 2 of t h e  s a t e l l i t e  i s  shown i n  F igure  4 .  The s a t e l l i t e  

passage numbers a r e  a r b i t r a r i l y  chosen. The p l o t  a t  t h e  bottom 

of t h i s  F igure  shows a d i s t r i b u t i o n  of d i f f r a c t i n g  i r reg-  

u l a r i t i e s  i n  e l e c t r o n  d e n s i t y .  See t h e  Appendix f o r  a b r i e f  

d i s c u s s i o n  of t h e  expe r imen ta l  t echnique  used  t o  determine the  

he igh t  of d i f f r a c t i n g  i r r e g u l a r i t i e s .  A l s o  shown i n  F igu re  4 

are t h e  times when t h e  t o t a l  e n e r g y  d e t e c t o r s  on board t h e  

s a t e l l i t e  r e g i s t e r e d  h igh  p a r t i c l e  counts.  The two t o t a l  

energy d e t e c t o r s  had t h r e s h o l d s  of 4 and 33 kev f o r  e l e c t r o n s  

and t h e y  accep ted  p a r t i c l e s  w i t h  p i t c h  a n g l e s  up t o  approx- 

i m a t e l y  43' (Meyerott  and  Evans, 1962) .  The p a r t i a l e  flux was 

observed  from 1048:33 t o  1048:38 UT when t e l e m e t r y  a c q u i s i t i o n  
-- 
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ended. A s  i n d i c a t e d  i n  F i g u r e  4 ,  the  p a r t i c l e s  were observed 

when t h e  s a t e l l i t e  i n t e r s e c t e d  t h e  l i n e s  of f o r c e  a long  which 

i r r e g u l a r i t i e s  were observed. 

The p l o t  of I i n  F igure  4 i s  c h a r a c t e r i z e d  by a r e l a t i v e l y  

smooth bu t  s t e a d y  i n c r e a s e  of I as t h e  s a t e l l i t e  proceeded 

northward. 

1048:35 UT. 

t o  1048:48 UT could be due t o  i o n i z a t i o n  produced by t h e  par- 

t i c l e  f l u x  i n  t h e  r e g i o n  where i r r e g u l a r i t i e s  a r e  l o c a t e d .  

S ince  p a r t i c l e  data a c q u i s i t i o n  ended at  1048:38 UT, it i s  not  

known whether o r  no t  t h e  o t h e r  v a r i a t i o n s  of I are p o s s i b l y  due 

t o  i o n i z a t i o n  by p r i m a r y  p a r t i c l e s .  

d u r i n g  t h i s  passage  o f  t h e  s a t e l l i t e  and, t h e r e f o r e ,  o b s e r v a t i o n  

R e l a t i v e l y  sharp i n c r e a s e s  of I are e v i d e n t  after 

The r a p i d  i n c r e a s e  of t he  q u a n t i t y  I from 1048:35 

Cloudy weather p r e v a i l e d  

of the  a u r o r a  was not  p o s s i b l e .  

I n  F igu re  5 ,  a s imilar  p a i r  o f  p l o t s  f o r  s a t e l l i t e  passage 

number 1 are shown. Phase-lock of t h e  r e c e i v i n g  equipment was 

n o t  achieved  u n t i l  1039:34 UT and as a r e s u l t  d i f f e r e n t i a l  

Doppler data was no t  ob ta ined  p r i o r  t o  t h i s  t ime. 

I n  t h e  lower p l o t  of F igure  5 ,  a c r o s s - s e c t i o n  of an 

a u r o r a l  form i s  shown by the cross-hatched a ~ e a .  ?'he lozatim 

of t h e  r e g i o n  of a u r o r a l  luminos i ty  was determined b y  (Belon 

and Owren, 1962) u s i n g  scanning  photometers  s e n s i t i v e  t o  3914, 

5577, and 6300 Angstrom emission.  High p a r t i c l e  counts  were 

r e g i s t e r e d  between 1039:54 and 1039:58 UT by t h e  4 and 3 3  kev 

t o t a l  energy d e t e c t o r s ,  As i n d i c a t e d  i n  F igu re  5 ,  t h e  p a r t i c l e  

f l u x  cor responds  q u i t e  w e l l  w i t h  t h e  r eg ion  of a u r o r a l  
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luminos i ty .  A s  s een  i n  the  upper  p l o t ,  t he  va lue  of I i n c r e a s e s  

r a p i d l y  a s  t he  s a t e l l i t e  approaches the  r e g i o n  of a u r o r a l  

l uminos i ty  and r eaches  a maximum a t  approximately t h e  t i m e  t ha t  

t h e  s a t e l l i t e  p e n e t r a t e s  t h e  r e g i o n  of luminos i ty ,  Upon 

e n t e r i n g  the  a u r o r a l  form, the va lue  of I remains n e a r  i t s  

maximum value  u n t i l  t he  end of t h e  data. 

I t  i s  p o s s i b l e  i n  t h i s  case  t o  make a f i rs t  o r d e r  

approximation as t o  where a long  t h e  pa th  of p ropaga t ion  the  

r e g i o n  of i n c r e a s e d  e l e c t r o n  d e n s i t y  was first encountered.  

S ince  ampli tude s c i n t i l l a t i o n s  were weak d u r i n g  t h i s  p e r i o d ,  

t h e  f a d i n g  ra te  of t h e  s i g n a l s  due t o  t h e  Faraday r o t a t i o n  of 

the p l ane  of p o l a r i z a t i o n  was observed,  The f a d i n g  was observed 

at  College and a t  a r e c e i v i n g  s t a t i o n  l o c a t e d  9 km n o r t h  of 

Col lege ,  These two s t a t i o n s  formed a l i n e  which was n e a r l y  

para l le l  t o  t h e  s u b s a t e l l i t e  pa th .  By t h e  same method whereby 

t h e  h e i g h t s  of i r r e g u l a r i t i e s  are determined,  i t  is p o s s i b l e  t o  

f ind  t h e  approximate h e i g h t  a t  which t h e  r e g i o n  of i n c r e a s e d  

e l e c t r o n  d e n s i t y  was f irst  encountered .  A t  t h e  t ime when t h e  

e l e c t r o n  con ten t  was r a p i d l y  i n c r e a s i n g ,  a cor responding  i n =  

crease i n  t h e  rate of Faraday f a d i n g  was observe6. A p l o t  of 

t h e  Faraday f a d i n g  p e r i o d  from College and Murphy Dome s i t e s ,  

which are approximately 9 km apart ,  i s  shown i n  F igu re  6. 

Between l039:45 and 1039:49 UT, i t  appears t h a t  t h e  maximum 

f a d i n g  ra te  f o r  t h e  two s t a t i o n s  occurs  n e a r l y  s imul taneous ly .  

A displacement  of t h e  m a x i m u m  f a d i n g  r a t e  of 2 s e c .  would g ive  

a c a l c u l a t e d  height  of 100 km. It appears t h e n  t h a t  t h e  r eg ion  
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of i n c r e a s e d  e l e c t r o n  d e n s i t y  was f i rs t  encountered  i n  t h e  

v i c i n i t y  of t h e  s a t e l l i t e  as would be expec ted  when t h e  

s a t e l l i t e  p a s s e s  through t h e  r e g i o n  of a u r o r a l  l uminos i ty .  

A similar pa i r  of p l o t s  of  I and the  d i s t r i b u t i o n  of 

i r r e g u l a r i t i e s  f o r  passage  number 3 are shown i n  F i g u r e  7. I n  

t he  lower p l o t ,  a r a t h e r  e x t e n s i v e  v e r t i c a l  d i s t r i b u t i o n  of 

i r r e g u l a r i t i e s  is i n d i c a t e d .  The nor th-south  e x t e n t  of these  

i r r e g u l a r i t i e s ,  as i n d i c a t e d  by t h e  p l o t ,  i s  i n  t h e  o r d e r  Of  

150 km. There i s  a broad  maximum i n  t he  e l e c t r o n  con ten t  

c e n t e r e d  about  t he  r e g i o n  where t h e  v e r t i c a l  d i s t r i b u t i o n  of 

i r r e g u l a r i t i e s  were observed. The p a r t i c l e  d e t e c t o r  data have 

n o t  been e v a l u a t e d  f o r  passage number 3 y e t ,  bu t  a p r e l i m i n a r y  

i n s p e c t i o n  of t h e  data i n d i c a t e d  p o s s i b l e  h i g h  p a r t i c l e  coun t s  

occur red  j u s t  p r i o r  t o  1057:OO UT. Auroras were observed some- 

what t o  t h e  n o r t h  of College which cor responds  approximately t o  

t h e  t i m e  when t h e  e l e c t r o n  con ten t  began t o  i n c r e a s e  a t  1058:30 

UT. 

I n  t h e  t h ree  preceding  passages d i s c u s s e d ,  t h e  s a t e l l i t e  

passed over  Col lege  n e a r  l o c a l  midnight .  I n  F igu re  8, t h e  p l o t  

of e l e c t r o n  c o n t e n t  and d i s t r i b u t i o n  of i r r e g u l a r i t i e s  are lor 

a dayt ime passage of t h e  s a t e l l i t e ,  The t r a j e c t o r y  of t h e  

s a t e l l i t e  i n  t h i s  case  was skewed approximately 30' t o  t h e  

Col lege  geomagnetic meridian.  I n  t h e  lower p l o t  ( F i g u r e  81, an 

e x t e n s i v e  v e r t i c a l  d i s t r i b u t i o n  o f  i r r e g u l a r i t i e s  is i n d i c a t e d .  

T h i s  d i s t r i b u t i o n  of  i r r e g u l a r i t i e s  appears t o  correspond w i t h  

t h e  maximum i n  e l e c t r o n  conten t  c a l c u l a t e d  between 2017:20 and 
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2018:lO UT. S ince  t h e  i r r e g u l a r i t i e s  are n o r t h  of Co l l ege ,  t h e  

p a t h  of p ropaga t ion  passes through most of t h e  d i f f r a c t i n g  

i r r e g u l a r i t i e s  when t h e  s a t e l l i t e  was j u s t  t o  t h e  n o r t h  of t h e  

r e g i o n  o f  i r r e g u l a r i t i e s .  J u s t  t o  t h e  s o u t h  of College a 

ra ther  small  r e g i o n  of i r r e g u l a r i t i e s  was found. Corresponding 

to t h i s  smaller r e g i o n  of i r r e g u l a r i t i e s ,  a s m a l l e r  i n c r e a s e  

i n  t h e  e l e c t r o n  con ten t  was observed. 



CHAPTER VI1 

DISCUSSION OF THE RESULTS 

. 

I n  c a l c u l a t i n g  t h e  e l e c t r o n  con ten t  i t  has been assumed 

that t i m e  v a r i a t i o n s  i n  e l e c t r o n  d e n s i t y  can be n e g l e c t e d  ove r  

t h e  p e r i o d  i n  which t h e  data was taken .  The data i n  t h i s  c a s e  

was r eco rded  f o r  a p e r i o d  ranging  frcm one t o  three minutes .  

For  t h e  und i s tu rbed  a u r o r a l  i onosphe re ,  one would not  expec t  

s i g n i f i c a n t  changes i n  i o n i z a t i o n  t o  occur  i n  a three minute 

pe r iod .  !Je sha l l  assume t h a t  an und i s tu rbed  ionosphere e x i s t s  

i n  t h e  r eg ion  where t h e  d a t a  was t aken  when t h e  l o c a l  magnet ic ,  

l o c a l  K p <  3 ,  ear th c u r r e n t  and cosmic n o i s e  r eco rds  were un- 

d i s t u r b e d .  Time v a r i a t i o n s  i n  t h e  I n t e n s i t y  and motion of 

v i s u a l  a u r o r a  would also serve t o  i n d i c a t e  t h e  t i m e  dependence 

of i o n i z a t i o n .  

During t h e  f o u r  passages of t h e  s a t e l l i t e ,  magnet ic ,  ea r th  

c u r r e n t ,  and a b s o r p t i o n  records  were r e l a t i v e l y  q u i e t .  For 

t h o s e  passages  i n  which o p t i c a l  a t l royal  measurements a r e  

ava i lab le ,  t h e  intens:ty and motion of t h e  au ro ra  d i d  not  vary 

s i g n i f i c a n t l y .  The s l i g h t  southward motion of t h e  a u r o r a  w2.s 

c5served du-inn s a t e l l i t e  passage  number 1. I n  a two minute 

p a r i o d  between 1639 ar,d 1 0 4 1  UT t h e  approx ina te  motion of t h e  

observed a u r o r a l  form i s  i n d i c a t e d  i n  F igure  9 .  For t h e  d a t a  

used i n  t h i s  a n a l y s i s  w e  have assumed t h a t  time v a r i a t i o n s  i n  

i c n l z a t i o n  could  b e  neg lec t ed  i n  t h e  c a l c u l a t i o n  of th?z e l e c t r o n  

con ten t .  During a ma&;ietic s torm t h e  e l e c t r o n  conten t  i n  t h e  

47 
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. 

a u r o r a l  zone due t o  p a r t i c l e  bombardment may change c o n s i d e r a b l y  

i n  a p e r i o d  of one minute. The e l e c t r o n  con ten t  ob ta ined  from 

d i f f e r e n t i a l  Doppler o r  Faraday r o t a t i o n  data would under  these 

c o n d i t i o n s  c o n t a i n  an undetermined component due t o  t h e  t i m e  

ra te  of change i n  t h e  e l e c t r o n  d e n s i t y  a long  t h e  path Of, 

propagat ion .  

Passage number 1 of t h e  s a t e l l i t e  is of p a r t i c u l a r  i n t e r e s t  

s i n c e  good morphological  agreement was ob ta ined  between t h e  

r e g i o n  of  a u r o r a l  luminosi ty  and t h e  i n c i d e n t  par t ic le  f l u x .  As 

one would e x p e c t ,  an i n c r e a s e  i n  t h e  e l e c t r o n  conten t  occurs  i n  

t he  r e g i o n  where t h e  primary p a r t i c l e  f l u x  was observed. A 

more g r a p h i c  i l l u s t r a t i o n ,  t h a n  shown i n  F igu re  5, of t h e  

r e l a t i o n s h i p  between t h e  i n c r e a s e  i n  e l e c t r o n  conten t  and t h e  

i n c i d e n t  p a r t i c l e  f l u x  i s  shown i n  F igu re  9 .  Shown i n  t h e  p l o t  

of t h e  e l e c t r o n  con ten t  i n  F igu re  9 i s  t h e  d i f f e r e n c e  between 

t h e  normal and t o t a l  ob l ique  e l e c t r o n  con ten t .  T h i s  normal 

va lue  was o b t a i n e d  by t a k i n g  t h e  average  va lue  of I observed 

b e f o r e  1039:43 UT ( F i g u r e  5 ) .  The t o t a l  ob l ique  e l e c t r o n  con- 

t e n t  I s  t h e  c a l c u l a t e d  e l e c t r o n  con ten t  a long  t h e  phase p a t h  

from t h e  s a t e l l i t e  t o  t h e  r e c e i v i n g  an tenna  and i n  t h i s  case  

the  o b l i g u i t y  of  t h e  phase p a t h  i s  not  accounted f o r  by con- 

v e r t i n g  t h e  c a l c u l a t e d  e l e c t r o n  con ten t  t o  an e q u i v a l e n t  

v e r t i c a l  column. 

The excess  e l e c t r o n  con ten t  shown i n  F igure  9 is probably 

due t o  I o n i z a t i o n  by t h e  p r imary  p a r t i c l e  f l u x .  The p l o t  

s u g g e s t s  t ha t  t h e  r eg ion  of i n c r e a s e d  e l e c t r o n  d e n s i t y  ex tends  



somewhat s o u t h  of t h e  a u r o r a l  form. Why t h i s  r e g i o n  of h igh  

i o n i z a t i o n  s o u t h  of t h e  a u r o r a l  form should  e x i s t  cannot  be 

accounted f o r  by t h e  p a r t i c l e  f l u x  measured u n l e s s  t h e  recom- 

b i n a t i o n  ra te  of e l e c t r o n s  with molecular  i o n s  i s  s u f f i c i e n t l y  

slow t o  a l low d i f f u s i o n  of the e l e c t r o n s .  Estimates of e l e c t r o n  

recombina t ion  ra tes  up t o  approximately 200 km are much t o o  r a p i d  

and e s t i m a t e s  of recombinat ion ra tes  above 200 km are u n c e r t a i n  

(Chamberlain,  1961) .  Another e x p l a n a t i o n  f o r  i n c r e a s e  i n  t h e  

e l e c t r o n  con ten t  s o u t h  of the a u r o r a l  form is  that  i t  may be due 

t o  low energy p ro tons  which could not  b e  measured by t h e  t o t a l  

energy d e t e c t o r s .  The photometer data from Col lege  and F o r t  

Yukon show a wide-spread hydrogen emiss ion ,  beyond the l i m i t s  

of t h e  d i s c r e t e  a u r o r a l  form and, t h e r e f o r e ,  i t  i s  p o s s i b l e  

t h a t  p r o t o n s  were i n c i d e n t  over  a l a r g e r  r e g i o n  t h a n  t h e  

observed p a r t i c l e  f l u x .  

A p l o t  s imilar  t o  F igure  9 f o r  passage number 2 i s  shown 

i n  F igu re  10 .  The i n c r e a s e  i n  t h e  e l e c t r o n  con ten t  corresponds 

w e l l  w i t h  t h e  measured p a r t i c l e  f l u x  t o  a t  least  1049 UT. S ince  

t h e  p a r t i c l e  data a c q u i s i t i o n  ended 1048:38 UT, i t  i s  not  known 

whether o r  no t  the  i n c r e a s e  i n  e l e c t r o n  con ten t  observed after 

1049:OO UT i s  a l so  p o s s i b l y  associated w i t h  i n c i d e n t  p a r t i c l e s .  
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CHAPTER VI11 

CONCLUSIONS 

The r e s u l t s  of the experiment i n d i c a t a  a good morphological  

c o r r e l a t i o n  between e l e c t r o n  con ten t  v a r i a t i o n s ,  r e g i o n s  of 

a u r o r a l  luminos i ty ,  and i n c i d e n t  p a r t i c l e  f l u x e s .  Large 

h o r i z o n t a l  g r a d i e n t s  were found t o  e x i s t  d u r i n g  a l l  of t h e  

passages  of t h e  s a t e l l i t e  i n  which d i f f e r e n t i a l  Doppler data 

were obta ined .  S ince  p a r t i c l e  data were ob ta ined  i n t e r m i t t e n t l y  

on only pa r t  of t h e  passages ,  it i s  not  known whether o r  not  

i o n i z a t i o n  by pr imary p a r t i c l e s  i s  t h e  only  mechanism 

r e s p o n s i b l e  f o r  t h e  h o r i z o n t a l  g r a d i e n t s .  

As one would e x p e c t ,  t h e  e l e c t r o n  con ten t  was found t o  

i n c r e a s e  when t h e  ray p a t h  of t h e  r a d i o  wave passes through t h e  

r e g i o n  of a u r o r a l  luminos i ty .  The e l e c t r o n  c o n t e n t ,  however, 

d i d  n o t  i n c r e a s e  r a p i d l y  when t h e  ray p a t h  p e n e t r a t e d  t h e  

boundary of t h e  d i s c r e t e  a u r o r a l  form, b u t  i n s t e a d  the  e l e c t r o n  

d e n s i t y  a p p a r e n t l y  i n c r e a s e s  r e l a t i v e l y  s lowly  as t h e  r a y  p a t h  

approaches t h e  boundary of  t h e  a u r o r a l  luminos i ty .  T h i s  slow 

i n c r e a s e  i n  t he  e l e c t r o n  d e n s i t y  i s  pitobabl.; due to e i t h e r  

d i f f u s i o n  of e l e c t r o n s  away from t h e  r eg ion  of a u r o r a l  

l uminos i ty  o r  t o  a low energy p ro ton  f l u x  having greater nor th-  

s o u t h  range o f  i n c i d e n c e  t h a n  t h e  d i s c r e t e  a u r o r a l  form. The 

conc lus ions  drawn from t h i s  a n a l y s i s  are based on d a t a  from 

only  f o u r  s a t e l l i t e  passages  and, t h e r e f o r e ,  t h e y  are of a 

t e n t a t i v e  n a t u r e .  
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The de te rmina t ion  of  t h e  e l e c t r o n  con ten t  from t h e  

d i f f e r e n t i a l  Doppler measurement of s a t e l l i t e  r a d i o  t r a n s -  

miss ions  i s  r e l a t i v e l y  new and fur ther  development of t h e  

t echn ique  w i l l  probably be made, As it  has been shown, t h e  

d i f f e r e n t i a l  Doppler measurement is q u i t e  s e n s i t i v e  t o  

v a r i a t i o n s  i n  e l e c t r o n  d e n s i t y  a l o n g  the  p a t h  of  p ropaga t ion  

and, t h e r e f o r e ,  the  method has cons ide rab le  va lue  i n  t h e  s t u d y  

of  the a u r o r a l  ionosphere .  Furthermore,  t h e  a n a l y s i s  p o i n t s  

ou t  the  va lue  of conduct ing coord ina ted  exper iments  i n  which 

r a d i o ,  o p t i c a l ,  and d i r e c t  p a r t i c l e  measurements are made 

s imul t aneous ly .  



. 

APPEiJDIX I 

THE DETERMINATION OF THE HEIGHT OF DIFFRACTING IRREGULARITIES 

A b r ie f  d i s c u s s i o n  of t h e  method used  t o  determine t h e  

h e i g h t  of  d i f f r a c t i n g  i r r e g u l a r i t i e s  i n  e l e c t r o n  d e n s i t y  i s  g i v e n  

here. 

s i g n a l  s c i n t i l l a t i o n  observed a t  Col lege  has shown t h a t  E-re&ion 

d i f f r a c t i o n  does occur  f r e q u e n t l y  (Hook and Owren, 1 9 6 2 ) .  The 

s u b s a t e l l i t e  he igh t s  of t h e  i r r e g u l a r i t i e s  have been found rather 

f r e q u e n t l y  t o  be as low as 90 km. 

the d i f f r a c t i n g  i r r e g u l a r i t i e s  are o f t e n  d i s t r i b u t e d  more o r  

less v e r t i c a l l y  and probably para l le l  t o  t h e  l i n e s  of f o r c e  of  

t he  geomagnetic f i e l d .  

r e g i o n s  at times appears  t o  b e  less t h a n  100 km. 

The p r e l i m i n a r y  r e s u l t s  of a r e c e n t  s tudy  of s a t e l l i t e  

Furthermore,  it appears t h a t  

The nor th-south  width o f  t h e  d i f f r a c t i n g  

To de termine  t h e  he ight  of i r r e g u l a r i t i e s  i n  e l e c t r o n  

d e n s i t y ,  a s y s t e m  of t h r e e  spaced r e c e i v i n g  antennas was 

employed. 

s a t e l l i t e  pa th ,  t h e  ground v e l o c i t y  of t h e  ampli tude p a t t e r n  

When two of t h e  an tennas  are spaced a long  t h e  sub- 

can be ob ta ined  from t i m e  s h i f t s  between cor responding  

s c i n t i l l a t i o n s  and known d i s t a n c e  between antennas.  It i s  

necessa ry  t h a t  the spacing between anteiicss 5e less t han  the 

average  s i z e  of  t h e  i n d i v i d u a l  i r r e g u l a r i t i e s .  

spac ing  of 170 meters was chosen a f t e r  some exper imenta t ion  and 

t h i s  s p a c i n g  was found t o  be approximately t h e  minimum s p a c i n g  

which would produce measurable t i m e  d i sp lacements  between t h e  

two d i f f r a c t i o n  p a t t e r n s ,  The h e i g h t  of i r r e g u l a r i t i e s ,  when 

An antenna  
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t h e y  are conf ined  t o  a t h i n  l a y e r ,  i s  t h e n  Obtained using t h e  

r e  l a t  i on 

where hs and vs are t h e  he igh t  and v e l o c i t y  of t h e  s a t e l l i t e  

r e s p e c t i v e l y  and v i s  t h e  measured ground v e l o c i t y  o f  t h e  

d i f f r a c t i o n  p a t t e r n .  If t h e  i r r e g u l a r i t i e s  are n o t  conf ined  t o  

a t h i n  l a y e r ,  t h e n  t h e  v e l o c i t y  o f  t h e  r e s u l t i n g  d i f f r a c t i o n  

p a t t e r n  w i l l  be  a combination of a s e r i e s  of  d i f f r a c t i o n  

p a t t e r n s ,  a l l  of which w i l l  have a d i f f e r e n t  v e l o c i t y .  The 

observed v e l o c i t y  of t h e  d i f f r a c t i o n  p a t t e r n  f o r  such  a t h i c k  

r e g i o n  of i r r e g u l a r i t i e s  w i l l  be a c e r t a i n  weighted mean 

v e l o c i t y  . 
It has been found ra ther  f r e q u e n t l y  t h a t  t h e  c a l c u l a t e d  

h e i g h t  of i r r e g u l a r i t i e s  will s y s t e m a t i c a l l y  i n c r e a s e  o r  de- 

c r e a s e  i n  h e i g h t  as a f u n c t i o n  of time. Upon p r o j e c t i n g  t h e  

c a l c u l a t e d  p o s i t i o n  i n  space of t h e  i r r e g u l a r i t i e s  of t h e  

L - - -  UA,LtZ&C - --- 6~ -nmSanatlc Y A A . - ~ - .  - merid ian ,  it appears  t ha t  t h e  i r r e g u l a r i t i e s  

are d i s t r i b u t e d  more o r  l e s s  v e r t i c a l l y  and p o s s i b l y  p a r a l l e l  t o  

l i n e s  of  f o r c e  o f  t h e  geomagnetic f i e l d .  It has been assumed 

t h a t  r e f r a c t i o n  a l o n g  t h e  p a t h  of p ropaga t ion  i s  small, s o  t h e  

r a d i o  wave p ropaga te s  e s s e n t i a l l y  a l o n g  a s t r a i g h t  l i n e .  



APPENDIX I1 

FORTRAN COMPUTER PROGRAMS 

The For t r an  computer programs given he re  are s p e c i f i c a l l y  

programed f o r  t h e  Universi ty  of Alaska's IBM 1620 Computer. 

The F o r t r a n  program given below i s  used t o  c a l c u l a t e  t h e  

d i s t a n c e  from t h e  s a t e l l i t e  t o  t h e  ground s t a t i o n  and t h e  cos ine  

of t h e  z e n i t h  angle .  The input  d a t a  r e q u i r e s  t h e  geographic 

l a t i t u d e ,  l ong i tude ,  and he ight  of t h e  s a t e l l i t e  a t  given 

i n t e r v a l s  of t i m e .  

READ 1,LT2,LNG2 
READ 3 , N  
PRINT 5 
D=SIN (LT2*0 . 01745) 
E=COS ( LT2 "0.0 17 45 ) 
F=LNG2*0.01745 
DO 2 I = l , N  
READ 7 X , Y , Z  
A=X*0.01745 
B=Y*0.01745 
Rl=R2+Z 
R D = S Q R T ( R l + R l + R 2 - 2 , ~ R I , R 2 ~ ~ C O s ( A ) ~ D ~ C O S ( B ~ F ) ~ ~ ~ ~ ( A ~ ~ E )  
C=(RD*RD+R2S-Rl~R1)/(2.O*RD~R2) 
PRINT 9,RD,C 
FORMAT(P6,2 ,F6.2) 

FOFMAT ( F8.2, F8 . 2 ,F8.2 j 
FORMAT(F8.2,17X,F8.5) 
FORMAT(15H R A D I A L  DIST(KM) ,10X,17HCOS( ZENITH ANGLE) 
END 

FORMAT(I~) 

The fo l lowing  For t r an  program is used t o  f i n d  t h e  va lue  o f  

A P o  by minimizing t h e  value of S. 

t r y i n g  va lues  of  AP, u n t i l  t h e  minimum is e s t a b l i s h e d .  Graphical  

The minimization i s  done by 
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t echn iques  can be used t o  choose va lues  of dPo so  tha t  t h e  t r i a l  

and e r r o r  p r o c e s s  will converge more r a p i d l y .  

4 

6 

8 

40 
14 

12 

READ 2,XO 
READ 3,N 
READ 10,DPC 
DO 4 I=l,N 
READ 5,DP(I) 
DO 6 J=l,N 
READ 7,X(J) 
DO 8 K=l,N 
READ 9 , Y ( K )  
DO 40 M=l,N 
READ 41,DPI(M) 
PAUSE 
s=o . 
READ 20,DPO 
DO 12,L=l,N 
A=B~(xo*DPc+(DPo+DP~(L))*Y(L))/x(L) 
S=S+(A-DP(L))~(A-DP(L)) 
PRINT 30,DPO,S 
GO TO 14 
lFORMAT(F4.2) 
2FORNAT(F6.5) 
3FORMAT ( 14 ) 
5FORMAT(F3.1) 
7FORMAT(F6.5) 
9FORPlAT ( F6 . 5 ) 
lOFORMAT(F6.1) 
20FORl’rlAT( F6 . 1) 
3OFORMAT(F6.l,lOX,Fl4.5) 
41FORMAT(F6.1) 
END 

The program below is  used t o  f i n d  a third degree polynomial 
* 

t o  f i t  a s e t  of up t o  20 d a t a  p o i n t s .  The least  squa re  method 

i s  used t o  f i n d  t h e  polynomial.  

DINEMSION X(20),Y(20) 
READ 16,N 
DO 91=1,N 

9 READ lO,X(I),Y(I) 
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s1=0. 
s2=0. 

S4=0. 
S5=0. 
S6-0. 
S7=00 
S8=0 . 
5930 .  
SlO=O. 
DO 3 I=l,N 
Sl=Sl+X(  I) 
S2=S2+X(I)*X(I) 
S3=S3+X(I)*X(I)+X(I) 
S4=S4+X(I)+*4. 
Sj=S5+X(I)**5. 
S6=S6+X( I) **6. 
S7=S7+Y(I) 
S8=S8+X(I)*Y(I) 
sg=sg+x(I)*x(I)"Y(I) 

Fl=S4 *S6-S5 *55 
F2=S3 "S5-S4 *54 
F3=S2*S6-S3*S5 
FbS2 %S5-S3sS4 
F5=S2QS4-S3'S3 
F6=S3gS6-S4tS5 
F7=S9 "S6-S5*SlO 
F8=S9tS5-S10gS 4 
Fg=Sg *S 4-5 10 ZS 3 
FlO=S2"SlO-S3*Sg 
Fll=S3*SlO-S4 *Sg 
F12=S4*S10-S5+Sg 
XN=N 
P1=XN"(S2*F1-S3*F6tS4*F2)-Sl*(Sl~Fl-S3*F~+S~*F~) 
P2=S2*(S1*F6-S2*F3tS4~F5)-S3*(Sl*F2-S2*F4+S3*F5) 

P3~S?"(S2~F1-S3"F6+S49F2)-Sl*(S8*Fl-S3*F7+S4*F8) 
p 4 = S 2 * ( S 8 + F 6 - S 2 a F 7 + S 4 ~ F g j - S ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ w ~ ~  

P5=XN"( S8+Fl-S3%F7tS4*F8)-S7g( Sl*Fl-S3*F3+S4*F4) 
P6=S2*(S1*F7-S8+F3+S4*FlO)-S3*(Sl*F8-S8*F~+S~~FlO) 

P~~~*(S2*F~-S8*F6+S4*Fll)-S1"(Sl~F~-S8~F~+S~*FlO) 
P8=S~~(Sl*F6-S2*F3+S4*F5)-S3*(Sl*Fll-S2#FlO+S8*F~) 

Pg=XN* (S2"F12-S3*Fll+S8*F2)-Sl*( Sl"Fl2-S3*FlO+S8*F4) 
P10=S2*(S1"F11-S2~F1O+S8+F5)-S7~(Sl~F2-S2*F~+S~*F~) 

s3=0. 

3 S10=S1O+X( I) *X(I *X(I "Y (I) 

DNOM=Pl+P2 

A=(P3+PQ)/DNOM 

B= ( P5+P6 ) /DNOM 

C=( P 7+P 8 1 /DNOM 

D=( P~+P~O)/DNOM 
PRINT 11,A,B,C,D 
IF( SENSE S:IITCHl) 30,40 

DO 6 11=5,NN,L 
30 READ 18,NN,L 



. 
l 

J=11-5 
XJ=J 
IF (SENSE S'.IITCH 2) 50,60 

60 XXJ=XJ*.Ol 
E=A+B*XXJtC*XXJ*XXJ+D*XXJ**3* 
GO TO 6 

50 E=AtB*XJ+C*XJ*XJtD*XJ**3. 
6 PRINT 12,J,E 
PAUSE 

40 READ 4,T 
IF (T) 21,22,21 

21 IF (SENSE SWITCH 2) 70,80 
70 F=A+B*TtC*T*T+D*T**3, 

GO TO 85 
80 TT=T*,Ol 

F=A+B*TT+C*~n"TT+DYTT**3* 
85 PRINT 23,T,F 

GO TO 40 
22 PAUSE 

16FORMAT(I3) 
lOFORMAT(FlO.5,FlO.5) 
11FORMAT(2HA=F10~~,/2HB=FlO~5,/2HC=FlO,5,/2HD=FlO~5) 
12FORMAT(I4,8X,FlO.5) 
18FORMAT(I4,14) 
QFORMAT(F7.2) 
2 3FORMAT ( F7 2,8X, F10 , 5 ) 
END 

The following program i s  used t o  c a l c u l a t e  t h e  time 

d e r i v a t i v e  of t h e  z e n i t h  angle .  This program r e q u i r e s  t h a t  t h e  

z e n i t h  angle as a funct ion of time b e  r e p r e s e n t e d  by a t h i r d  

degree polynomial. 

DIMENSION T( 6 0 )  
20 READ 8 , N  

10 READ 2,A,B,C,D 
DO 3 I=l,N 
READ 4,T(I) 
Z=A*T(I)+*3.+B*T(I)*T(I)+CYT(I)+D 
E=(3~*A*T(I)~T(I)t2~*B*T(I)tC)*~Ol 
TT=T( I) "100 
IF (SENSE SWITCH 1) 30,40 

30 PRINT 6,TT,Z,E 
GO TO 3 

40 PUNCH 16,Z 

IF(N-~) 12,12,10 



60 

PUNCH 14,E 
3 CONTINUE 

GO TO 20 

2FORPIAT (F8.5,F8.5,F8.5,F8.5) 
4FORMAT (F7.4) 
6FORMAT 
16FORMAT (F8.5) 
8FORMAT (13) 
l4FORMAT (F8,5) 
END 

12 PAUSE 

(F7 2,BX ,F8.5,8X ,F8.5 1 

The fo l lowing  program i s  used t o  c a l c u l a t e  t h e  e l e c t r o n  
2 content of a column having a base of u n i t  area ( e l ec t rons /m 

column). The i n p u t  data r e q u i r e d  c o n s i s t s  of t a b u l a t e d  v a l u e s  of 

cos x, 

8 

10 

12 
1 
3 
5 
7 
9 
11 
20 
21 

and A $ i  and t h e  i n i t i a l  c o n d i t i o n  APo. 

DIMENSION X(200) ,DP(200) 
READ l , N  
READ 3,F 
READ 5,G 
READ 7,DPO 
PRINT 20 
DO 8 I=l,N 
READ 9 , X ( I )  
DO 1D J=l,N 
READ 11,DP(J) 
DO 12 K=l,N 
A=(F**2.O)*GtX(K)*(DP0+DP(K))/4O.3 
BN=K 
r n m x  21 ZX,A 
FORMAT(I~) 
---...n 

FORMAT( E1O.l) 
FORMAT(F4.1) 
FORMAT(F6.1) 
FORMAT(F6.5) 
FORMAT(F3.1) 
FORMAT(5X,2HN0,6X,16H COLUMNAR DENSITY) 
FORMAT(3X,F4.0,10X,E9,3) 
END 
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